Interaction between the plasma membrane and aggregate lipid surface determines how efficiently the encapsulated drug will be delivered into the cell. Electrostatic interactions are one of the main forces affecting liposome and aggregate association with the charged cell surface. In this study, the effect of surface charge on the association of liposomes with human colon CX-1.1 cancer cells was studied. W hen phosphatidylserine was incorporated into a lipid bilayer, the amount of liposomes associated with cells tended to increase along with the amount of negatively charged lipid present in the liposomal lipid bilayer. When the cationic lipid dioleoyl-l,2-diacyl-3-trimethylammonium-propane (DOTAP) was included into the li posome formula, their uptake by the cells was also increased. Maximum binding occurred when the amount of positively charged lipids in liposomes was about 1 0 mol% of lipids.
In tro d u ctio n
Lipids are becom ing a com m on co n stitu ent of various supram olecular ensem bles th a t serve as drug delivery systems. They are liposom e building m aterial w hen th e latter are used as sm all com p o und carriers, and form com plex aggregates with large m acrom olecules like D N A and p roteins (A l len, 1998; Langner, 2000; L angner and K rai, 1999; Lasic, 1998; Lasic and T em pleton, 1996; M iller, 1998 ; Sharm a and Sharm a, 1997; Sm ith et al., 1993). R egardless of th eir structure, it is a d v an ta geous to obtain aggregates with th e o u te r surface form ed by a lipid m onolayer or bilayer th a t p ro tects the included m aterial from degradation. Such a surface also determ ines how th e en tire su p ram o lecular structure will interact with soluble proteins and cell m em branes. A nu m b er o f lipid surface prop erties relevant to such interactions have been identified, i.e. electrostatic surface charge, hydrophobicity, steric constrains and th e packing of lipid m olecules form ing the surface.
E lectrostatic forces participate in essentially all interm olecular interactions, since th e m ajority of physiologically relevant m olecules carry residual charges. T herefore, electrostatics are am ong the m ajor driving forces of supram olecular aggregate form ation. Lipid surface electrostatic charges not only influence the m em brane form ation processes b u t also alter the properties of the adjacent aq u e ous phase and determ ine how the entire aggregate will interact with body fluid com ponents, in turn affecting the aggregate stability (Cevc, 1990; Duzgunes and Nir, 1999; L angner and Kubica, 1999; M iller, 1998; M iller et al., 1998; Smith et al., 1993; Z uidam and B arenholtz, 1998) .
Studying the association of the supram olecular aggregate with the cell surface, it is difficult to dis tinguish betw een the involvem ent of electrostatic forces and o th er types of interactions relevant to the process. The form ation of lipid/D N A com plexes is a good exam ple of such a situation. T here are num erous experim ental data showing th at the lipid/D N A aggregate should carry a net positive charge in ord er to efficiently associate with the negatively charged cell plasm a m em brane, which presum ably ensures its subsequent uptake by the cell (C hen et A ggregate association w ith cells depends on forces acting b etw een the continuous o u ter lipid surface and plasm a m em brane, which depend ra th e r on local th an global aggregate properties at the contact area. Following this argum ent, we have assum ed th a t th e liposom al o u te r surface can serve as a general m odel th at m im ics interaction b e tw een cell surface and the aggregate w ith a con tinuous lipid surface. In this paper, we p resen t a system atic study of the effect of liposom e n et sur face charge on its association with hum an colon cancer cells (CX-1.1). In addition, the role of ex posure tim e and the presence of bovine serum al bum in in th e culture on u p tak e of various lipo som e form ulations has b een studied. 
Materials and Methods

Materials
Liposom e form ation and characterization
Lipids w ere m ixed in chloroform with an ap p ro priate am o u n t o f R ho d am in e-P E (1 m ol% ). The chloroform was th en rem oved under vacuum. P hosphate bu ffered soline (PB S), with or w ithout 10% fetal bovine serum (FB S), was added and the sam ple vortexed, follow ed by brief sonication in a bath sonicator. The am o u n t of the fluorescent p ro b e in th e lipid bilayer (1 m ol% ) was low enough to disregard the influence of self-quenching. W hen liposom es w ere exposed to serum extensive aggregation was observed, b u t th e fluo rescence intensity was not drastically reduced (w hen corrected for light scattering). This shows th at close vesicle proxim ity does n ot in terfere with probe fluorescence. Vesicle size was d eterm ined using dynam ic light scattering (Z E T A S IZ E R 5000 analyzer, M alvern Instrum ents, Worcs, U K ).
Cell line and incubation conditions
A hum an colon cancer cell line CX1.1 was o b tained from D eutsche K rebsforschungzentrum (H eidelberg, G erm any). Cells w ere cu ltured in an a-m inim al essential m edium , supplem ented w ith a 10% fetal bovine serum inactivated by h ea t (FBS, G ibco B R L, G ran d Island, NY, U S A ), 2 m M L-glutam ine, 100 units/m l penicillin G, 100 mg/m l stre p tom ycin. They w ere m aintained at 37 °C in 5% C 0 2/hum idified air. The cultured m edium was re m oved and liposom es, suspended in the a p p ro p ri ate m edium , w ere added. Cells w ere in cubated for th e desired period and liposom es th at rem ained in th e suspension w ere w ashed away. The am o u n t of lipid in all sam ples was 0.67 m m ol/ p er well.
Flow cytometry
The 
Results
L iposom e characterization
Liposom es in teract with polyions and serum proteins p resen t in the culture m edium , which causes th eir aggregation and precipitation (C honn et al., 1992; G ao and H uang, 1991; L eckband et al., 1993; van-de-W etering et al., 1999; Yang and H uang, 1997) . The effect o f liposom e surface charge on their in teractions with colon carcinoma CX1.1 cells L iposom al bilayer p ro p erties vary with lipid com position. Som e lipids th a t form liposom es may carry an electric charge, others are p ro n e to con form ational tran sfo rm atio n or form bilayers that differ in th eir m olecular organization. In o rd er to avoid the in terferen ce of factors o th e r th an surface electrostatic charge, lipid com position was se lected in such a way th a t th e lipid bilayer was in a liquid crystal state. Egg phosphatidylcholine, b o vine brain p h o sphatidylserine and D O TA P, used to form liposom es, are know n to rem ain in the L a fluid phase at physiological conditions and are far from any phase-tran sitio n te m p e ra tu re th at would affect the m olecular organization of th eir liposo m al m em branes (K oynova and Caffrey, 1998; M arsh, 1990) . For the sam e reason, cholesterol was not included in the p rep aratio n : w hen m ixed w ith o th er lipids, it m ay induce th e lateral n o n uniform ity o f th e lipid bilayer, potentially in tro ducing additional factors (o th e r th en electrostatic forces) to liposom e in teractio n with cells (R adhakrishnan and M cC onnell, 1999; Raffy and Teissie, 1999; Silvius et al., 1996) . N egatively charged liposom es Figure 1A shows the effect of negatively charged lipid (p h o sphatidylserine) on liposom e as sociation with cells after 24 h of incubation when m ixed in d ifferent ratios with egg-PC. F luores cence intensity associated w ith cells increased to gether with the am o u n t of PS p resen t in the lipo som al bilayer, and th a t increase was m ore than an o rd er of m agnitude w hen th e cells w ere incubated with pure phosphatidylserine liposomes, as com pared to those containing only egg-PC (Fig. 1A) . The extensive uptake of PS-liposom es m ay be a com bined effect of their aggregation and high sur face charge density. Figures 2A and 2B show the flow cytom etric analysis of CX-1.1 cells incubated with egg-PC li posom es for 5 h and 24 h, in the presence and absence of 10% FBS. A s expected, the am o u n t of liposom es associated with cells increased w ith in cubation time; surprisingly, fluorescence intensity was noticeably higher after 24 hours if colon can cer cells w ere incubated w ith n eutral liposom es in the presence of FBS. Presently, it is im possible to say if the presence of fetal bovine serum directly affects liposom es interactions with the plasm a m em brane or if its presence im proves cell vitality, which increases liposom e intake. There was no dif ference in the viability of cells grown in the pres ence and absence of FBS.
As in the case of neutral liposom es, the intake of negatively charged liposom es by CX-1.1 cells increased w ith the incubation times. H ow ever, in contrast to PC-liposom es, th e presence of 10% FBS had only lim ited effect on the intake effi ciency after 24 hours of incubation ( Figures 2C  and 2D ). Positively charged liposom es W hen positive charge was introduced o n to the vesicle surface by m ixing D O T A P w ith egg-PC, the effect of its density on liposom e u p tak e effi ciency was quite d ifferen t from th at of negatively charged liposom es (Fig. IB ) . A n increase in D O T A P concen tratio n in th e lipid bilayer of up to 10 m ol% was associated w ith higher liposom e uptake by cells, how ever, fu rth e r increase of D O T A P co n ten t reduced th e ir binding by CX-1.1 cells m onotonically. W hen cells w ere incubated for 24 hours w ith liposom es containing 10 m ol% of D O TAP, th e ir fluorescence increased alm ost by an o r der of m agnitude co m p ared to th at of liposom es containing pure egg-PC. H ow ever, w hen D O T A P co n ten t was increased to 50 m ol% , th e am ount of fluorescence associated w ith cells fell to half th at of liposom es containing 10 m ol% DOTA P. Figures  2E and 2F show the effect of incubation tim e and fetal bovine serum presence on th e cellular intake of liposom es containing 10 m ol% of D OTAP. Similarly as has been show n for n eu tral and nega tively charged liposom es, the in tak e of positively charged liposom es increased following longer in cubation tim e (24 hours). H ow ever, in co n trast to previous results, th e presence of 10% FBS in the culture m edium red u ced positively charged lipo som e up tak e to a certain extent.
D iscussion
In this p ap e r th ree p aram eters relevant to lipo som e intake by cells w ere exam ined, i.e. surface electrostatic charge, incubation tim e and serum presence. The in tro d u ctio n of electrostatic charge of eith er sign o n to the liposom e surface enhances its association w ith colon cancer cells. It has been show n previously th a t in the case of the lipid-D N A aggregate, surface positive charge enhances its as sociation w ith a negatively charged cell surface in vitro (D uzgunes and N ir, 1999) . O n th e o ther hand, negative charge is believed to stim ulate lipo som e u p tak e in vivo, w hich is likely due to in terac tion with serum pro tein s (C honn et a l, 1992) . H ow ever, it has nev er b een show n b efore th at li posom e association w ith a single cell type in vitro is en hanced by the presence of b o th negative and positive charge. Such a resu lt suggests th at factors o th er th an surface electrostatics govern liposom e association w ith colon carcinom a cells, or th at var ious m echanism s lead to th e association and subse qu en t intake of liposom es. This dilem m a awaits fu rth er studies. The existing difference b etw een in fluence of surface charge density on th e efficiency of liposom e association w ith cells justifies the as sum ption th a t D O T A P and PS affect cells in a dif feren t m anner. It has b een show n th a t cationic lip ids have a toxic effect on cells in a variety of ways, e.g. by inducing apoptosis (A ram ak i et a l, 1999), causing oxygen radical-m ediated dam age (D okka et a l, 2000) and disturbing plasm a m em brane structure (U rm o n eit et a l, 1998). H ence, excess cationic lipid accum ulated by th e cell m ay obstruct the extensive intake o f liposom es. Toxicity is a likely reaso n why liposom es th at contain a high fraction of D O T A P do n o t associate w ith CX-1.1 cells as efficiently as w ith those containing 10 m ol% of this lipid. Such an effect is n o t expected w hen liposom es contain phosphatidylcholine and/ or phosphatidylserine, as these lipids are n o t toxic. Accordingly, it has b een show n th a t exogenous phosphatidylserine stim ulates endocytosis, th e re fore liposom es containing the highest am ount of this lipid are likely to associate w ith cells m ost effi ciently (Farge, 1995; Farge et a l, 1999) .
E xposure tim e to liposom es affects their associ ation efficiency with cells in a p redictable way. i.e. the longer the incubation tim e, th e m ore efficient the process and pronounced th e differences b e tw een different liposom e form ulations.
The role of serum in interfering liposom e associ ation with the cell plasm a m em b ran e is, according to literature, a com plex process th a t depends p re dom inantly on liposom e lipid com position and fo r m ulation (C honn et a l, 1992; Yang and H uang, 1997) . O ur data imply th a t the addition of serum alone to the incubation m edium has only a lim ited effect on the association of negatively and posi tively charged liposom es w ith colon carcinom a cells. In our hands, the presence o f serum did n o t prevent liposom e uptake, b u t ra th e r m odestly e n hanced it, and its effect was evident only after ex tended exposure (24 h).
In this pap er we have show n th a t interaction b e tw een the cell surface and liposom e surface is al tered w hen either negative and positive charges are present. For this reason, electrostatic in terac tions alone cannot be used as an indicator of w hen liposom e com position is optim ized w ith regard to its association w ith the cell. O th e r liposom e p ro p erties, such as its propensity to form non-lam ellar phases, opsonization extent, and association w ith selected m em brane com ponents (receptors, the glycocalix) are likely to be equally im portant. F urtherm ore, subsequent liposom e internalization may depend on liposom e co m p o n en t toxicity and/ or stim ulating activity.
